Objective: To examine the feasibility and test-retest reliability of encoding-task functional magnetic resonance imaging (fMRI) in mild Alzheimer disease (AD).
Results:
Task tolerability and data yield were high (95 of 96 scans yielded favorable-quality data). Wholebrain maps were stable. Right and left hippocampal regions-of-interest intraclass correlation coefficients were 0.59 to 0.87 and 0.67 to 0.74, respectively. To detect 25.0% to 50.0% changes in week-0 to week-12 hippocampal activity using left-right extent or right magnitude with 80.0% power (2-sided ␣=.05) requires 14 to 51 patients. Using left magnitude requires 125 patients because of relatively small signal to variance ratios. Conclusions: Encoding-task fMRI was successfully implemented in a single-site, 24- week, AD randomized controlled trial. Week 0 to 12 whole-brain t maps were stable, and test-retest reliability of hippocampal fMRI measures ranged from moderate to substantial. Right hippocampal magnitude may be the most promising of these candidate measures in a leveraged context. These initial estimates of test-retest reliability and power justify evaluation of encoding-task fMRI as a potential biomarker for signal of effect in exploratory and proof-ofconcept trials in mild AD. Validation of these results with larger sample sizes and assessment in multisite studies is warranted. Arch Neurol. 2011;68 (5) : [599] [600] [601] [602] [603] [604] [605] [606] W ITH MANY POTENtial therapies for Alzheimer disease ( A D ) e n t e r i n g large-scale clinical trials, biomarkers that can rapidly detect a signal of effect or efficacy are critically needed. Symptomatic and/or diseasemodifying therapies may acutely or subacutely alter synaptic function, which may serve as a predictor of long-term response. Functional magnetic resonance imaging (fMRI) may prove valuable to detect effects that modulate brain networks in early-phase AD trials, but the practicality of implementing longitudinal fMRI and the test-retest reliability of task-related fMRI remains unknown. Also lacking are power estimates to inform investigators regarding sample sizes required to reasonably detect AD treatment-related effects in fMRI.
Task-related fMRI studies have primarily focused on cross-sectional group comparisons of AD patients to elderly control individuals and patients with mild cognitive impairment (MCI). The fMRI studies 8, 13, 16, [24] [25] [26] in AD or MCI that assessed effects of cholinesterase inhibitors on blood oxygenation level-dependent (BOLD) fMRI activity have been exploratory or pilot studies or lacked a randomized controlled trial (RCT) design and have provided limited information regarding the test-retest reliability of fMRI in this population. We implemented fMRI in a doubleblind, placebo-controlled RCT format to assess the feasibility and test-retest reli-ability of fMRI in 12 patients with mild AD randomized to the placebo arm of the study.
METHODS

STUDY PARTICIPANTS
Twelve patients with mild AD (Mini-Mental State Examination [MMSE] scores, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] were randomized to the 12-week placebo arm of a larger (n=24 patients) and longer (24 weeks) AD pharmacologic fMRI study. Inclusion criteria were National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association criteria for probable AD, fluency in English, lack of focal lesions on neuroimaging scans, taking a stable dosage of donepezil hydrochloride for longer than 6 months, and having a study partner (eg, spouse or relative) to monitor adherence. Exclusion criteria were unstable or severe medical or psychiatric illness, contraindication to fMRI, use of another investigational agent within 2 months, use of a cholinesterase inhibitor other than donepezil hydrochloride or an antipsychotic within 6 months, and ever having taken memantine hydrochloride. Patients and partners provided consent in accordance with the Human Research Committee guidelines. Study participants were remunerated $50 after each fMRI.
STUDY DESIGN AND PROCEDURES
The overall study spanned 9 visits in 24 weeks and used an RCT (50.0% memantine and donepezil hydrochloride, 50.0% placeboand donepezil hydrochloride) parallel-group design for 12 weeks, followed by a 12-week, single-blind period when all patients received drug therapy (100% memantineand donepezil hydrochloride). The reliability study data reported were obtained from the fMRI scan results at weeks 0 (baseline or T1), 6 (T2), and 12 (T3) in the placebo group only. Neuropsychological and clinical assessments included the MMSE, the AD Assessment Scale-Cognitive, and the Clinical Dementia Rating (CDR) scale.
fMRI PARADIGM
The details of the fMRI paradigm, sequencing, and preprocessing activities are described in previously published studies 1, 2, 4, 6, 7, 27 and online (eAppendix; http://www.archneurol .com). The paradigm is composed of 3 conditions presented in successive blocks: novel face-name pairs, repeated face-name pairs, and fixation cross. Eighty-four novel pairs and 42 repeated pairs were displayed for 5 seconds each across 6 runs. Study participants were instructed to try to remember the name paired with each face. Immediately after scanning, 2 postscan behavioral/ memory tests were administered: a face recognition (yes/no reply) and free recall of name (for yes responses) task and a 2-alternative forced-choice name-recognition-of-face task. Because of scanner repair, 1 patient underwent scans at 6 and 12 weeks, respectively, via a 3-T Siemens scanner (Siemens Medical, Munich, Germany). Data quality assurance included manual inspection of all images sequentially for scanner spiking and excessive motion and automated artifact detection algorithms that repaired any time point with a mean signal greater than 3 SDs of the mean global signal of each patient using an interpolation from surrounding scans (9 patients were affected). One week 6 scan (T2) was irreparable because of excessive intrascan movement and was imputed using T1 and T3 averages from the patient.
IMAGE ACQUISITION, PREPROCESSING, AND QUALITY ASSURANCE
STATISTICAL ANALYSIS: fMRI AND CLINICAL MEASURES
Prespecified analyses focused on 2 methods to assess changes in magnitude, calculated as the percentage of signal change, and extent, calculated as the percentage of active voxels, of activations for novel-greater-than-repeated (N Ͼ R) stimuli between week 0 (baseline or T1) and week 12 fMRIs (ie, T1 to T3 change in NϾR contrast). Prespecified primary analyses were whole-brain t test analyses and statistical parametric maps with significance thresholds at PϽ.001 and extent threshold of 5 contiguous voxels and hippocampal region-of-interest (ROI) analyses with small volume corrections for multiple comparisons within a priori, anatomically defined hippocampal ROIs. 28 For comparison, secondary analyses were performed on nonhippocampal, a priori, anatomically defined ROIs, including bilateral precuneus and posterior cingulate cortices obtained in template space using the MarsBaR application (http://marsbar .sourceforge.net/), which have previously shown robust and selective task-related and spatiotemporally correlated activity in this fMRI paradigm. 1 Repeated-measures analyses of covariance (ANCOVAs) assessed changes in clinical measures in the 12 weeks between T1 and T3 fMRIs.
TEST-RETEST RELIABILITY OF fMRI ACTIVATIONS IN RELIABILITY ROIs
Test-retest reliability for the extent and magnitude of NϾR activity from baseline (T1) to week-12 (T3) fMRIs was assessed using 2 complementary approaches: intraclass correlation coefficients (ICCs), using a variation of ICC assessing agreement of score values (not merely correlation) for random-effects models, referred to by Shrout and Fleiss 29 as ICC (2,1) for reliability at a single point in time and ICC (2,k) for that of an average score across a number of time points of assessment (eAppendix) and power analysis and sample size determination. 30 Because no standard or widely accepted definition for general adjectives exists that describes reliability measures, ICC values, and ranges, we chose to adopt conservative terms by using the definition proposed by Shrout 31 when qualitatively referring to ICC values and ranges: virtually none (0.00, 0.10), slight (0.11, 0.40), fair (0.41, 0.60), moderate (0.61, 0.80), or substantial (0.81, 1.0). 31 We did not use the widely quoted but much more liberal terms of Landis and Koch 32 [32] [33] [34] Power analyses estimated required sample sizes sensitive to 25%, 50%, and 75% changes (up or down) from baseline in extent and magnitude at power levels of 70%, 80%, and 90% with 2-sided ␣Ͻ.05. 30 To determine whether effects of demographic (eg, age and educational level), clinical (eg, CDR, CDR sum of boxes [CDR-SB], and MMSE scores), and postscan memory and behavioral measures contributed to hippocampal ROI test-retest variability, thereby requiring adjustment for them in the ICC calcula-tions, interactions of baseline levels of these variables with time, in addition to their main effects as covariates, were included as predictor terms in a repeated-measures ANCOVA in which extent or magnitude of fMRI activity was the dependent variable. Unlike main effects of covariates, any variance due to the covariate ϫ time interaction, unless removed, is pooled into the patient ϫ time interaction error variance and inappropriately augments estimated unreliability, although it represents true score variance, biasing the ICC downward. We estimated and removed this confounder via regression and separation of residuals. Power analyses were based on these adjusted ICCs. The eAppendix online lists all ICC formulas and details of calculations (with and without adjustment) and their rationale.
RESULTS
DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
Baseline characteristics (Table 1) of the placebo arm (n=12) did not differ widely from those of the larger group (n=24; MMSE score range, [18] [19] [20] [21] [22] [23] [24] [25] [26] or from the drug arm (n=12), which is not included in this report and will be reported elsewhere in an analysis of potential antidementia drug effects on fMRI signals. Except for a decrease on postscan memory test 2 scores, no significant changes were found between baseline and week 12.
FEASIBILITY, TOLERABILITY, AND DATA QUALITY
All patients enrolled in the larger study completed the 24-week study with 4 fMRI scans. A total of 95 of the 96 fMRI scans yielded acceptable quality data. Baseline wholebrain NϾR activation maps for the group of 24 patients and the placebo arm (n=12) showed similar regional ac-tivity (Figure 1) , and difference maps between them were null (ie, had no significant clusters; data not shown).
STABILITY OF fMRI WHOLE-BRAIN MAPS AND HIPPOCAMPAL ROI ACTIVITY ACROSS 12 WEEKS
Reliability analyses were performed in the placebo subgroup (n=12). Regional activity patterns for NϾR contrasts were consistent with those of past studies using the same paradigm. 1, 2 At each scan, areas of significant NϾR activity were found in the bilateral hippocampi, right inferior frontal cortex, right cingulate, and right prefrontal cortex ( Figure 1B -C and Table 2 ). Also, wholebrain N Ͼ R activation maps for all permutations of difference maps among time points T1, T2, and T3 (eg, T1-T2 and T1-T3) were stable and showed no clusters of significant activity differing between sessions. The mean extent and magnitude for right and left hippocampal ROIs did not significantly vary across sessions (weeks 0, 6, and 12) (Figure 2) or from the larger group of 24 patients at baseline (eFigure). Repeatedmeasure ANCOVAs revealed no significant changes for hippocampal ROI signals with or without covariance adjustments of baseline characteristics. Sensitivity analysis that varied statistical (P=.01-P=.001) and extent (2-10 contiguous voxels) thresholds at several cutoff points showed no differences for all combinations of extent and magnitude measures compared with the a priori chosen thresholds of P =.001 and 5-voxel extent. Table 3 lists the hippocampal ICCs, with and without adjustment for potential baseline CDR-SB score ϫ For the right hippocampus, higher baseline CDR-SB scores were associated with larger rates of decrease in hippocampal activity. Adjusted ICCs, which preremoved variance due to CDR-SB score ϫ time interactions, increased ICC estimates for the right hippocampus only. For right hippocampus extent, a raw individual ICC of 0.33 yielded an adjusted individual ICC of 0.59, but a raw mean ICC of 0.50 yielded an adjusted mean ICC of 0.75. For the right hippocampus magnitude, a raw individual ICC of 0.67 yielded an adjusted individual ICC of 0.87, but a raw mean ICC of 0.80 yielded an adjusted mean ICC of 0.93. For comparison, ICCs for the precuneus and posterior cingulate, important hubs in the default intrinsic connectivity network, were lower (range, 0.33-0.60) and unaffected by adjustments (eTable 1).
ICCs, POWER, AND SAMPLE SIZE ANALYSIS
For 80.0% power and a group-level change of 50.0% from baseline in extent to be detected in the left hippocampus, 15 patients would be required. For similar power and 50.0% change in magnitude, 125 patients would be needed. For similar 50.0% changes to be detected in the right hippocampus for extent or magnitude, 14 patients would be required. At every power level (70.0%, 80.0%, 90.0%), left hippocampal magnitude was predicted to require sample sizes of approximately 1 order of magnitude greater than the other measures (left-side or rightside extent, right-side magnitude) (eTable 2).
COMMENT
This study demonstrates the feasibility of implementing task-related fMRI within the typical format of an AD RCT. Test-retest reliability of encoding-related fMRI was assessed using patients from the placebo arm who underwent fMRIs 12 weeks apart. Changes in fMRI activity were assessed globally via whole-brain map-level t tests and regionally via ICCs for magnitude and extent of NϾR activity in a priori structurally defined hippocampal ROIs. Test-retest reliability occured mostly in the moderate- Abbreviations: MNI, Montreal Neurological Institute; N Ͼ R, novel-greater-than-repeated face-name pair. a Whole-brain statistical parametric map analysis for significance threshold of P Ͻ .001 with extent threshold of 5 contiguous voxels. b Coordinates are shown for the peak voxel in a cluster. c Represents P value for peak voxel in a cluster with small volume correction accounting for region-of-interest size (number of voxels in region of interest)-dependent multiple-comparison adjustment (ie, multiple-comparison adjustment of P value based only on voxels in the region of interest, not the whole brain).
to-substantial range; whole-brain contrast maps showed stability, and hippocampal ICCs, adjusted for baseline disease severity by time-related decline (which only affected right-side magnitude), ranged from 0.6 to 0.9. If a priori focus is directed at the right hippocampus or changes in extent (ie, percentage of active voxels), power estimates predict that for this paradigm, relatively modest sample sizes may detect group-level, 12-week fMRI changes in the 25.0% to 50.0% range.
We have demonstrated the feasibility of implementing multiple fMRI sessions in a longitudinal AD RCT format. Study participants tolerated an intensive imaging protocol with high yield of favorable-quality data (95 of 96 scans yielded acceptable data). Our results support the feasibility of successfully implementing task-related fMRI paradigms in mild AD across multiple scans and weeks.
The other objective of the study, to assess wholebrain, map-level fMRI and hippocampal test-retest reliability, was assessed in individuals randomized to the placebo arm. This allowed power calculations to predict sample sizes needed to accurately detect significant changes in hippocampal activity. These estimates may inform design and interpretation of future exploratory and proof-of-concept trials that use fMRI as a potential AD biomarker.
The strengths of the study include its rigorous RCT design; the inclusion of well-characterized patients undergoing stable, long-term cholinergic therapy; high compliance and follow-up; the use of a robust and wellcharacterized associative memory battery; its blockdesign encoding paradigm; and the use of standard fMRI software, tools, and processing streams that increase generalizability. Also, reliability was assessed for convergence using several approaches, sensitivity analysis showed robustness of extent and magnitude values to perturbations in statistical and extent of contiguous-voxels thresholds, and power projections were obtained to guide sample sizes for future early-phase fMRI RCTs, particularly those at single sites involving patients with mild AD.
The patterns of regional fMRI activity are consistent with those in previous studies 1, 5 and support the validity of focusing on changes in a priori-defined hippocampal and related ROIs in which drug-related effects on epi-sodic memory encoding are observed, particularly in this encoding paradigm. 1, 6, 27 These studies suggest specificity for hippocampal activity and inversely related activity between the hippocampus and precuneus for subsequent memory success or failure and face-name, encodingrelated activity. Reassuringly, hippocampal ROIs showed the highest ICCs compared with several other preselected regions in a distributed memory network.
A robust fMRI biomarker of encoding and retrieval processes would ideally include 1 or more measures of shifting patterns of activity (signatures) in core network hubs that include, depending on cognitive load and task specificity, hippocampal and related medial temporal lobe areas; precuneus, posterior cingulate, and related medial and lateral parietal regions; and medial inferior and dorsolateral frontal cortices. Although this study primarily focuses on longitudinal fMRI feasibility and reliability in the hippocampus, a central node in memory acquisition and integration, future studies will leverage cognitive networks by integrating activity patterns in hubs, including medial and lateral parietal and medial and inferior frontal regions; assess reliability and power analysis for fMRI network signals; and explore potential drugrelated effects.
Overall, we opted for a conservative bias and greater focus on generalizability. We used individual (single) ICCs, not group (mean) ICCs (arithmetic average for a group of scans) that would have provided higher values (Table 3 ). Calculated ICCs also assumed random scans (ie, model 2 ICCs), as opposed to fixed ones (ie, model 3 ICCs), thereby increasing the generalizablity of results. Hippocampal ICCs, with or without adjustment for baseline CDR-SB scores, are generally higher than those recently reported in healthy elderly controls and patients with MCI in verbal episodic memory encoding and retrieval fMRI tasks 6 weeks apart. 35 Also, power predictions for estimated sample sizes to detect changes in fMRI measures 12 weeks apart assume modest (25.0%-75.0%) and bidirectional changes (2-sided ␣ values) in hippocampal activity. In similar paradigms, ROI effect sizes were larger or unidirectional, including in the hippocampi of young patients administered scopolamine (percentage change vs placebo, −53% for extent and −57% for magnitude) and lorazepam (percentage change vs placebo, −52% for extent and −57% for magnitude), 27 and in fusiform regions of AD patients administered rivastigmine (percentage change vs no rivastigmine, ϩ95% for magnitude in left and ϩ600% in right fusiform regions). 8 With the use of exploratory analyses, unidirectional a priori hypotheses (eg, fMRI activity will increase with drug or intervention) or exclusion of left hippocampal magnitude as a primary signal measure may allow modest sample sizes to detect changes in the 50.0% range. For this paradigm, population (ie, mild AD), and interval of several days to weeks, the right hippocampal signal, especially the magnitude measure (ie, percentage change in right hippocampal BOLD signal), 36 is likely to be most sensitive to physiologic, pathologic, and pharmacologic stressors; has substantial measurement reliability (during these short intervals unless corrected for trait instability); and potentially may be useful as an exploratory biomarker of trait, state, rate, or signal of effect. Later in the disease state, this may not be so because the neural correlates that affect the BOLD signal changes may be muted. Pairing an fMRI scan with a clinical visit at week 12 provides a parsimonious design consistent with proofof-concept AD trials. For experimental drugs with potential subacute symptomatic effects, this provides a sufficient interval to detect signals of clinical efficacy beyond 4-week to 8-week windows when placebo effects may mingle with drug-related effects in such a way that the elements cannot be distinguished or separated. 37, 38 Finally, the tools and methods used for functional data analyses were simple, standard, and widely available (eg, statistical parametric map, Montreal Neurological Institute template space, MarsBaR).
It is important to recognize that the interaction of baseline CDR-SB score with a decrease in right hippocampal fMRI signal over time is not due to fMRI measurement inaccuracy or unreliability but is an estimable component of putative real variation that can be accounted for independently and removed from an adjusted ICC (through regression and residualizing methods), as was done in our study. Otherwise, it might confound as measurement unreliability and bias ICCs downward. Hence, we opted for the more conservative approach of removing this confounding source of variance from the denominator of the ICC formula but without adding it to the numerator (eAppendix). The finding that patients with greater impairment, ie, those with higher baseline CDR-SB scores, exhibited a greater decrease in right hippocampal activity 12 weeks later is consistent with studies that show a decreased hippocampal signal via fMRI in AD relative to cognitively intact older controls and patients with MCI. [3] [4] [5] 23 It is also consistent with the hypothesis that once AD patients meet criteria for mild dementia, taskrelated hippocampal activity may rapidly decline with advancing illness. [3] [4] [5] Similarly, AD patients with smaller hippocampal volumes subsequently show a greater rate of decrease in hippocampal volumes during 1 year. 39 Baseline levels of cognition and function and their interactions with time in study are also important determinants of clinical trajectory of decline. [40] [41] [42] Finally, improvements compared with raw ICCs were specific to the right hippocampus; raw and adjusted ICCs were not substantially different in the left hippocampus and comparison ROIs ( Table 3 and eTable 1). This is not surprising because the face-name paradigm provides greater novelty and cognitive demands in the visual domain, and previous studies 1, [3] [4] [5] [6] [7] 27 have shown task-related, agerelated, and disease-related sensitivity for this paradigm in the right hippocampus.
These data and interpretations also have limitations and caveats. Although this study provides favorable internal validity and successful implementation at a single experienced site, results could vary considerably across multiple sites, scanners, platforms, and AD populations. These results require validation in single-site studies and assessment of whether findings for whole-brain and hippocampal signal reliability will accurately reflect scaling in multisite studies. Our patients were experiencing the mild clinical stages of AD (CDR of 1; mean [SD] MMSE score, 24.0 [0.7]), were highly educated, and were receiving stable, longterm donepezil hydrochloride therapy. Although generalizable to most candidates with AD eligible for currently enrolling in experimental drug RCTs, extrapolation to those who are drug naive, use other antidementia medicines, or have low educational levels requires caution. Also, on the basis of our previous experience, it is likely that most patients with moderate-stage (CDR, 2) AD would have difficulty completing this fMRI paradigm and performing above chance levels. High internal validity and patient homogeneity in our study may have resulted in underestimation of ICCs due to low between-patient variance. Although we do not measure or adjust for individual or native hippocampal volumes or possible changes, given the low annual rates of hippocampal atrophy in AD, it is unlikely that atrophy during a 12-week period would significantly affect the accuracy of ROI boundaries and fMRI signals. 39, 43, 44 Our results suggest extent and right hippocampal measures (extent and magnitude) may be more robust and efficient for power projections in visual-verbal, paired-associate paradigms. The left magnitude measure had only moderate ICCs (0.67), resulting in the need for many more patients to detect 25.0% to 50.0% effects. Except for the left hippocampus, magnitude ICCs wereapproximately 0.1 to 0.3 higher than extent ICCs ( Table 2 and eTable 1). However, power analysis did not show an advantage of using magnitude measures, especially on the left side. This finding underscores that ICCs and sample size estimates provide somewhat complementary information for pragmatic design and interpretation of biomarkers in AD RCTs.
Importantly, our short-term study does not address the usefulness of fMRI in detecting disease-modifying effects in longer-term studies in AD populations. It is possible that a subacute fMRI effect will be predictive of longitudinal change, but as with positron emission tomography and structural MRI, 45, 46 the ultimate validation of fMRI as a potential biomarker of efficacy will require incorporation into an AD therapeutic trial demonstrating positive clinical benefit. Caution should be exercised in general pertaining to the nature of the BOLD fMRI signal as a surrogate for neural activity. Changes in the BOLD signal may reflect other neurophysiologic processes, including microneurovascular coupling, and not necessarily changes in dendritic synaptic local field potentials. Future studies will assess test-retest reliabil-ARCH NEUROL / VOL 68 (NO. 5), MAY 2011 ity by defining ROIs in native space, leveraging network dynamics, and using modeling to quantify functional connectivity.
In conclusion, our study demonstrated moderate-tosubstantial test-retest reliability for a face-name, pairedassociate encoding, block-design fMRI paradigm performed by patients with mild AD at a single site. These highly focused findings suggest that should significant BOLD fMRI changes in hippocampal signals occur acutely or subacutely within 12 weeks due to a potential intervention or disease progression, the signal, noise, and measurement variability characteristics of longitudinal fMRI measures using similar encoding paradigms may allow their detection with reasonable accuracy. Power analyses suggest that detection of changes from baseline hippocampal activity in the 50.0% range may require dozens, not hundreds, of study participants, especially if a priori or exploratory focus is on right hippocampal or extent measures. Meanwhile, small group-level changes in the 25.0% range may be detectable with sample sizes currently used in small phase 2 AD trials. These results support the feasibility of using fMRI as a potential biomarker in early-phase proof-of-concept RCTs to detect whether a drug is acutely or subacutely reaching or affecting the brain or having a specific targeted or biological effect (as measured via BOLD fMRI) on a brain region or network. This study provides evidence that taskrelated fMRI is feasible to implement longitudinally in mild AD at a single site and may have sufficient test-retest reliability to be incorporated in early-phase clinical trials. In combination with other experimental measures, task fMRI may potentially help detect a signal of effect and guide earlydevelopment programs for novel AD therapeutics.
